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Abstract 

A  coin-type  X-ray  diffraction  (XRD)  cell  was  constructed  using  synthetic  graphite,  ethylene  carbonate  (EC)-diethyl  carbonate  (DEC)- 
based  electrolyte  and  lithium  metal.  Real-time  in  situ  XRD  measurements  of  Li-ion  intercalation  into  graphite  were  carried  out  in  order  to 
investigate  kinetic  phenomena  during  discharge  and  charge  cycles  under  conditions  similar  to  those  of  actual  coin-type  batteries.  Intercalation 
started  at  0.55  V  versus  Li/Li  +  .  At  high  doping  currents,  additional  growth  of  lower  stage  graphite  intercalation  compounds  (GICs)  were 
observed  during  open  circuit  after  the  cell  was  discharged  to  0  V.  In  1  M  LiPF6/EC  +  DEC(  1 : 1 ),  the  co-existence  region  of  stage-3  and  stage- 
2  GICs  appeared  at  a  very  low  potential  around  0.02  V.  Based  on  these  observations,  we  suggest  that  an  intermediate,  which  may  be  reduced 
solvated  lithium  ion,  is  formed  on  the  graphite  surface  during  doping  and  that  the  intermediate  either  intercalates  into  graphite  or  reacts  with 
electrolyte  solution  to  form  a  surface  film.  <D  1997  Elsevier  Science  S.A. 
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1.  Introduction 

Although  many  studies  on  Li-ion  intercalation  into  carbon 
materials  have  been  done  by  in  situ  X-ray  diffraction  ( XRD ) 
measurement,  experimental  conditions  very  different  from 
the  actual  battery  system  have  been  employed.  We  devised  a 
special  experimental  cell  made  by  modifying  a  conventional 
coin-type  battery  cell,  in  order  to  investigate  the  kinetic  phe¬ 
nomena  during  charge  and  discharge  cycles  and  also  to  study 
the  influence  of  the  electrolyte  system  and  charging  condi¬ 
tions  on  Li-ion  intercalation. 


2.  Experimental 

Synthetic  graphite  powder  (Timcal  G&T  KS44)  was  used 
as  the  carbon  material. 

The  graphite  electrode  was  made  by  spreading  a  slurry  of 
graphite  and  binder  on  a  3  jxm  copper  foil  using  the  doctor 
blade  method,  so  that  the  XRD  pattern  could  be  obtained 
from  the  back  of  the  copper  foil  substrate.  A  12.5  mm  diam¬ 
eter  disk  was  then  stamped  out  of  the  sheet.  The  density  of 
graphite  was  approximately  7  mg/cm2.  The  cell  was  con¬ 
structed  by  stacking  the  coin-cell  cap,  lithium  metal  foil, 
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Fig.  1 .  In  situ  XRD  cell. 


separator,  graphite  electrode  ( carbon  side  faces  the  separa¬ 
tor)  and  the  coin-cell  top  which  had  a  small  window  made 
of  a  capton  film  ( Fig.  1 ) .  The  coin  cell  was  then  hermetically 
sealed.  Ethylene  carbonate  (EC)  and  diethyl  carbonate 
(DEC)  (Mitsubishi  Chemical,  battery  grade),  and  LiCl04 
and  LiPF6  (Tomiyama  Chemical,  battery  grade)  were  used 
as  received  to  make  1 .5  M  LiC104/EC  +  DEC(  2:8)  and  1  M 
LiPF6/EC  +  DEC(  1:1)  electrolyte  solutions.  XRD  data  were 
obtained  by  using  an  X-ray  diffractometer  (JEOL  JDX- 
3500)  equipped  with  a  graphite  monochromator  and  with 
copper  target  radiated  at  30  kV  and  300  mA.  XRD  patterns 
were  taken  every  10  min  during  discharge  and  charge  cycles 
(in  Fig.  3(b),  every  70  s).  The  cell  was  discharged  (inter¬ 
calation)  at  a  constant  current  to  0  V  versus  Li/Li + ,  and  was 
kept  under  open-circuit  conditions  for  1  h.  It  was  then  charged 
( de-intercalate )  to  1.5  V,  and  was  kept  under  open-circuit 
conditions  for  I  h.  The  variation  of  the  intercalation  behavior 
was  examined:  (i)  by  changing  the  doping  current  from  0.2 
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Fig.  2.  Potential  curve,  corresponding  variation  of  XRD  patterns  and  transient  phase  diagram  during  Li-ion  doping  (a)  Potential  curve  vs  Li/Li +  .  (b)  XRD 
patterns  taken  every  10  min  during  doping.  ( b- 1 )  2  to  0  191  V,  (b-2)  0.191  to  0.162  V;  (b-3)  0.162  to  0.119  V;  (b-4)  0. 119  to  0.064  V;  (b-5 )  0.064  to  0.001 
V,  and  (b-6 )  0.001  to  0.071  V  under  open-circuit  conditions.  ( c }  Phase  diagram  taken  by  plotting  peak  intensities  corresponding  to  stage-8  ( 26.22°).  stage-4 
(25  89°),  stage-3  (  25.68°),  stage-2  (25.28°)  and  stage-1  (24.02°)  with  time.  Electrolyte  solution-  1.5  M  LiC104/EC  +  DEC( 2:8 ),  doping  current:  0.2  mA. 


to  4.0  mA  in  1.5  M  LiC104/EC  +  DEC(2:8  ),  and  (ii)  by 
changing  the  electrolyte  solution  to  1.0  M  LiPFr,/ 
EC  +  DEC(  1:1 ). 


3.  Results  and  discussion 

Fig.  2(a)  is  a  potential  curve  during  Li-ion  doping  at  a 
current  of  0.2  mA  in  1.5  M  LiC104/EC +  DEC(2:8). 
Fig.  2(b)  shows  a  typical  variation  of  XRD  patterns.  The 
peaks  in  Fig.  2(b)  were  assigned  to  stage- L  -2,  -3,  -4,  -8  and 
dilute  stage- 1  according  to  the  assignment  of  Ohzuku  at  al. 
[  1  ]  and  Dahn  [2] .  The  formation  of  staged  phases  and  tran¬ 
sition  to  lower  stages  during  Li-ion  doping  are  clearly  seen. 
For  example,  the  (002)  peak  (26.56°)  of  the  pristine  graphite 
shifted  toward  lower  angles  (Fig.  2( b- 1 )  which  shows  that 
dilute  stage- 1  was  formed  in  this  region.  The  peak  shift 
stopped  at  26.22°  which  is  assigned  to  stage-8.  In  Fig.  2(b- 
2)  the  intensity  of  the  stage- 8  peak  decreased  while  that  of 
the  stage-4  peak  at  25.89°  increased,  indicating  that  the  phase 
transition  from  stage-8  to  stage-4  occurred.  Then  the  peak 
shifted  smoothly  towards  lower  angles  until  25.68°  assigned 
to  stage-3  (Figs.  2(b-3),  2 (b-4)  and  (b-5)  shows  the  for¬ 
mation  of  stage-2  and  stage- 1,  respectively.  Fig.  2( b-6) 
shows  the  variation  of  XRD  patterns  during  open  circuit  after 
the  cell  was  discharged  to  0  V.  The  intensity  of  each  peak 
was  plotted  against  time,  and  transient  phase  diagrams  were 
obtained  as  shown  in  Fig.  2(c).  Fig.  3  shows  the  initial  part 
of  the  Li-ion  doping.  At  potentials  higher  than  0.55  V,  there 
was  no  shift  of  the  pristine  graphite  peak.  At  0.55  V,  peak 
shift  started  towards  lower  angle  to  form  dilute  stage- 1  as 
shown  in  Fig.  3(b).  This  implies  that  some  electrochemical 
reaction  other  than  intercalation  occurred  at  potentials  higher 
than  0.55  V.  We  observed  the  formation  of  the  inorganic 
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Fig  3  Initial  potential  curve  and  corresponding  transient  phase  diagram 
(a)  Potential  curve  vs.  Li/Li  +  .  (b)  Phase  diagram  taken  by  plotting  peak 
intensities  corresponding  to  pristine  graphite  ( 26  56°)  with  time.  XRD  pat¬ 
terns  were  taken  every  70  s.  Conditions  were  same  as  that  of  Fig.  2. 

lithium  compounds  on  the  graphite  surface  above  0.55  V, 
while  the  organic  lithium  compounds  was  formed  below  0.55 
V  [3].  We  think  that  these  observations  are  closely  related 
and  that  is  the  clue  of  initial  solid  electrolyte  interface  (SEI) 
formation  mechanism. 

Fig.  4  shows  the  diagrams  obtained  at  0.6  and  2.0  mA. 
When  the  discharge  current  increased,  the  potential  reached 
0  V  before  stage- 1  phase  fully  grew  due  to  the  IR  drop.  It 
should  be  noted  that  even  under  open-circuit  conditions  after 
the  potential  reached  to  0  V,  the  fraction  of  lower  stage  GICs 
(i.e.  stage- 1  in  Fig.  4(a).  and  stage-3  in  Fig.  4(b))  increased 
with  time.  Similar  phenomena  were  also  seen  in  Fig.  2(c). 
This  phenomena  will  be  discussed  later. 
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Fig.  4.  Variation  of  potential  curves  and  transient  phase  diagrams  with  Li- 
lon  doping  rate  after  several  dope /undope  cycles:  (a)  0.6  mA.  and  (b)  2.0 
mA.  The  potential  at  the  peak  intensities  of  stage-3  and  stage-2  equal  to  each 
other  is  0.07  V  in  ( a).  Electrolyte  solution:  1 .5  M  L1CIO4/EC 4-  DEC(  2  8) 

Fig.  5(a)-(c)  shows  the  potential  curves  and  transient 
phase  diagrams  at  0.6  mA  dope  in  the  first,  second,  and  third 
cycles,  respectively,  in  1  M  LiPF6/EC +  DEC(  1:1 ).  Similar 
phenomena  as  above  were  observed  in  Fig.  5(a);  that  is,  the 
fraction  of  stage- 3  and  -4  increased,  while  the  fraction  of 
stage-8  decreased  under  open-circuit  conditions.  The  inter¬ 
calation  efficiency  increased  with  cycle  number  and  also  the 
potential  curve  changed  with  cycle  number.  We  interpret  this 
as  follows;  ( i )  the  diffusion  rate  of  lithium  within  the  graphite 
is  fast  enough  to  match  the  formation  of  stage- 1  phase  at  same 
doping  current  shown  in  Fig.  4(a);  (ii)  so  the  diffusion  rate 
may  not  be  responsible  for  the  phenomenon  that  the  Li-ion 
doping  terminated  far  before  the  formation  of  stage- 1  phase 
shown  in  Fig.  5,  and  (iii)  consequently  the  electrolyte/ 


graphite  interface  seems  to  be  more  responsible  than  the 
graphite  interior. 

Let  us  consider  the  potential  curves  and  GlC-formation 
diagrams  in  Fig.  5(b)  and  (c)  with  those  in  Fig.  4(a).  Those 
were  obtained  at  the  same  current  of  0.6  mA.  In  the  first  and 
second  cycles  in  1  M  LiPF6/EC  +  DEC(  1:1)  (Fig.  5(a)  and 
(b),  respectively),  lower  stage  GICs  such  as  stage-4,  stage- 
3  and  stage-2  were  formed  at  potentials  lower  than  in  the  third 
cycle.  The  potential  at  which  the  XRD  peak  intensities  of 
stage-3  and  stage-2  became  equal  (shown  by  arrow  in  the 
figures)  was  0.02  V  in  the  second  cycle  and  0.08  V  in  the 
third  cycle.  This  is  not  due  to  the  IR  drop  caused  by  the  SEI 
formed  on  the  surface,  because  the  amount  of  SEI  in  the 
second  cycle  should  not  have  been  more  than  that  in  the  third 
cycle.  The  corresponding  potential  was  mentioned  above  is 
0.07  V  in  1 .5  M  LiC104/EC  +  DEC  ( Fig.  4(a));  this  implies 
that  the  IR  drop  caused  by  SEI  was  similar  to  that  in  the  third 
cycle  in  1  M  LiPF6/EC  +  DEC(  1:1).  However,  further  dop¬ 
ing  caused  a  more  rapid  decrease  in  potential  in  Fig.  5(c) 
than  that  in  Fig.  4(a).  It  seems  that  there  existed  something 
to  lower  the  potential  at  the  electrolyte /graphite  interface. 
Now,  consider  the  previously  mentioned  phenomenon;  that 
is,  the  fraction  of  lower  stage  GICs  increased  with  time  under 
open-circuit  conditions.  This  needs  a  lithium  source  some¬ 
where  around  the  interface.  According  to  Inaba  et  al.  [4], 
when  the  lithium  diffusion  in  the  graphite  host  is  rate  deter¬ 
mining  upon  doping,  lower  stage  GICs  are  formed  at  the 
topmost  surface  while  higher  stage  GICs  remain  in  the  inte¬ 
rior,  and  lithium  diffuses  into  the  interior  under  open-circuit 
conditions.  Such  a  phenomenon  would  probably  occur;  how¬ 
ever,  it  is  not  enough  to  explain  the  facts  that  were  observed 
in  this  study.  Since  Figs.  4(a)  and  5(a)-(c)  were  obtained 
at  a  constant  current  of  0.6  mA  using  the  same  KS44  graphite 
powder,  the  diffusion  rate  of  lithium  within  the  graphite  is 
similar  to  each  other. 
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Fig.  5  Variation  of  potential  curves  and  transient  phase  diagrams  with  dope/undope  cycle  numbers:  (a)  first  dope;  (b)  second  dope,  and  (c)  third  dope.  The 
potentials  at  the  peak  intensities  of  stage-3  and  stage-2  equal  to  each  other  are  0.02  V  in  ( b)  and  0  08  V  in  (c }  Electrolyte  solution:  1  M  LiPF6/EC  + DEC(  1:1), 
doping  current  0  6  mA. 
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Fig.  6.  Comparison  of  the  phase  diagram  with  doping  current  normalized  to 
the  specific  charge  after  several  dope/undope  cycles:  (a)  graphite  defor¬ 
mation,  (b)  stage-8,  and  (c)  stage-4.  Electrolyte  solution'  1  5  M  LiC104/ 
EC  +  DEC<2.8). 

We  propose  that  an  intermediate,  which  consists  of  reduced 
solvated  lithium  ion,  is  formed  on  the  graphite  surface  during 
doping.  Based  on  our  observations:  (i)  lower  stage  GIC 
increased  with  time  under  open-circuit  conditions,  which 
needs  some  amount  of  lithium  source,  and  (ii)  the  potential 
in  1  M  LiPF6/ED  +  DEC(  1:1)  electrolyte  was  very  low  when 
the  GIC  structure  was  similar  to  that  in  1,5  M  LiC104/ 
ED -F  DEC (2:8),  which  needs  something  to  lower  the  poten¬ 
tial  on  the  graphite  surface  [  5,6] .  Such  an  intermediate  inter¬ 
calates  into  graphite  and  simultaneously  reacts  with 
electrolyte  solution  to  form  SEI.  Lithium  ion  is  reduced  at  a 
constant  rate,  and  when  the  GlC-formation  rate  is  fast,  no 
intermediate  accumulates  at  the  interface.  In  contrast,  when 
the  GlC-formation  rate  is  not  so  fast,  some  amount  of  lithium 
intermediate  accumulates  at  the  interface.  This  lowers  the 
potential,  and  the  intermediate  gradually  reacts  with  solvent 
to  form  SEI  as  seen  in  Fig.  5.  As  for  the  GlC-formation  rate, 
it  implies  the  desolvation  rate  plus  diffusion  rate  through  the 
electrolyte /graphite  interface  in  the  case  of  Fig.  5(a)-(c) 
and  the  lithium-diffusion  rate  within  the  graphite  in  the  case 
of  Fig.  4(b). 


In  order  to  ascertain  the  dependence  of  the  diffusion  rate 
upon  the  GIC  structure,  the  formation  rates  of  dilute- 1 .  stage- 
8  and  stage-4  were  measured  under  several  current  densities 
after  SEI  formation  was  completed  (Fig.  6).  The  quantity  of 
dilute- 1  and  stage-8  GICs  depended  upon  only  the  total 
amount  of  charge.  However,  for  the  stage-4  formation,  the 
quantity  did  not  merely  depend  upon  the  amount  of  charge 
but  also  upon  current  density.  The  formation  curve  of  the  0.4 
mA  dope  was  sharp,  which  means  the  intercalation  was  prob¬ 
ably  quantitative  while  the  2  mA  dope  needed  excess  charge 
to  form  stage-4  phase,  which  means  that  the  intercalation  was 
not  quantitative.  Stage-4  formation  was  not  completed  by 
4  mA  dope,  i.e.  during  the  formation  the  potential  reached 
to  0  V.  These  observations  agree  with  our  intercalation 
mechanism. 

4.  Conclusions 

By  means  of  real-time  XRD  measurements  of  transient 
GIC  formation,  the  gradual  growth  of  lower  stage  GICs  dur¬ 
ing  open  circuit  was  observed.  In  1  M  LiPF6/ EC  +  DEC (1:1) 
the  potential  was  very  low  when  the  GIC  structure  in  the 
graphite  electrode  were  similar  to  that  in  1.5  M  LiC104/ 
EC  +  DEC(  2:8).  Based  on  these  structural  observations  and 
the  potential  behavior,  we  propose  a  mechanism  of  interca¬ 
lation  that  when  lithium-reduction  rate  is  faster  than  lithium- 
diffusion  rate  in  GIC,  an  intermediate  is  accumulated  on  the 
graphite  surface.  This  intermediate  then  intercalates  into  the 
graphite  and  simultaneously  reacts  with  electrolyte  to  form 
SEI. 
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